Stream surface albedo plays a key role in the energy balance of rivers and streams that are exposed to direct solar radiation. Most physically based analyses and models have incorporated a con- 
The Fresnel equations predict that reflectance of a light beam striking a surface increases at greater incidence angles (between the incident ray and the normal). At high solar altitudes under clear-sky conditions, albedo of a water surface is typically between 0.03 and 0.10 (Oke, 1987) . At lower solar altitudes (greater incidence angles), however, values approaching unity have been observed as the solar altitude angle approaches 0
• (Nunez, Davies, & Robinson, 1972) . Clouds and haze greatly enhance scattering of solar radiation, increasing the number of rays travelling at angles other than the solar elevation angle.
Topography and vegetation also contribute to scattering, particularly in mountainous regions. At low solar elevation angles, this scattering increases the number of rays incident on the water surface at angles greater than the solar elevation angle, decreasing the amount of light reflected by the surface, consequently decreasing albedo. Conversely, scattered light increases albedo at high solar elevation angles, because a greater number of rays strike the water surface at decreased angles compared to the solar elevation angle (Katsaros, Mcmurdie, Lind, & Devault, 1985) .
Increased water surface roughness has a similar effect on reflectance. When the water surface is roughened and solar altitude is high, there is a higher probability that incident beams will be reflected off a sloping rather than horizontal surface, increasing surface albedo.
At low solar altitudes, a rough water surface decreases albedo because beams would be more likely to encounter a raised slope rather than glancing off the surface (Oke, 1987) .
The relation between albedo, solar elevation angle, and surface roughness has been quantified for lakes and oceans (e.g., Jin, Charlock, Smith & Rutledge, 2004; Katsaros et al., 1985; Nunez et al., 1972; Payne, 1972) . Payne (1972) measured ocean surface albedo values ranging between 0.03 at high sun angles to 0.45 for solar altitudes below 10
• , although with considerable scatter for low sun angles. Nunez et al. (1972) found that increasing wave height had a modest influence on albedo, except for solar altitude angles lower than 15
• , when albedo was suppressed with increasing wave heights. Both studies found that the dependency between solar altitude and albedo decreases with increasing cloud cover, becoming undetectable during overcast conditions.
The effects of suspended sediment and aeration on albedo have also been examined by field and laboratory studies for lake and ocean surfaces (e.g., Koepke, 1984; Whitlock, Bartlett, & Gurganus, 1982) . Han (1997) found that reflectance increased non-linearly in the visible spectrum as suspended sediment concentration (SSC) increased, with the dependence of reflectance on SSC decreasing at higher concentrations. At SSC = 500 mg/L, reflectance was highest between 600 and 700 nm, with 23% of natural sunlight being reflected. Whitlock et al. (1982) found in laboratory studies that the reflectance of dense foam with high aeration, consisting of multiple bubble layers, averaged approximately 50% in visible wavelengths. Koepke (1984) measured the albedo of foam patches on the ocean surface. Fresh foam patches measured 1 s after generation had an average spectral reflectance of 41%, decaying to 16% after 10 s. The average spectral reflectance of all foam patches was 22%. Legleiter, Roberts, Marcus, and Fonstad (2004) used radiative transfer simulations to quantify the effects of suspended sediment, bed substrate, and water depth on the remote sensing reflectance of river channels.
However, it is difficult to translate those results into estimated influences on albedo. Table 1 provides a summary of measured stream surface albedo. Leach and Moore (2010) found that mean albedo was 0.05 over pools and glides and 0.06 over riffles. Evans, McGregor, and Petts (1998) reported a mean albedo of 0.07, although there was distinct diurnal variability in albedo attributed to the solar elevation angle. Monthly daily mean albedo values ranged between 0.06 in July and 0.08 in November due to the differences in average solar position between months. Neilson, Stevens, Chapra, and Bandaragoda (2009) measured albedo on a low gradient reach of the Virgin River, Utah, USA, for turbidities ranging from 2 to 440 nephelometric turbidity units. Albedo was less than 0.10, and was increased by 0.03 to 0.07 at higher levels of turbidity relative to clear water. Working on turbid proglacial streams, Knudson (2012) found that albedo was enhanced by SSC and varied with solar zenith angle. For the highly turbid Lillooet River, albedo ranged from 0.08 to 0.13, compared to 0.05-0.10 measured on two tributary reaches. Chikita, Kaminaga, Kudo, Wada, and Kim (2010) reported a mean albedo of 0.10 for a proglacial stream with SSCs typically exceeding 200 mg/L, with daily maxima greater than 500 mg/L (Kido, Chikita, & Hirayama, 2007) . Richards and Moore (2011) found that albedo for a steep proglacial stream ranged from 0.10 at low flows up to 0.40 at higher flows as the water surface became increasingly aerated. Albedo varied non-linearly with discharge (a proxy for aeration), with an additional term to account for incoming solar radiation, which represents the combined effects of solar elevation angle and the direct fraction of solar radiation. The variable representation of albedo improved the prediction of net radiation at the site: The Nash-Sutcliffe efficiency of the radiation model was 0.81 using the variable albedo compared to 0.75 and 0.78 using fixed albedo values of 0.05 and 0.10.
As reviewed above, both theory and observations indicate that albedo should depend on (a) angle of incidence, (b) fractions of direct versus diffuse solar radiation, (c) turbidity, and (d) degree of aeration.
However, there is currently no quantitative model available for predicting the dependence of stream surface albedo on these factors. The specific research objectives addressed by this study are:
1. to quantify the dependence of albedo on suspended sediment, solar position, fractions of direct versus diffuse radiation, and aeration for a sample of mountain streams that encompass a range of flow regimes, gradients, and channel morphologies;
2. to develop a statistical model to predict albedo that could be easily incorporated into energy balance models; and 3. to develop and assess the viability of proxy measures for albedo using digital camera imagery.
METHODS

Study area and field sites
Research focused on nine streams in the southern Coast Mountains of British Columbia, Canada, which encompassed a range of flow regimes and channel morphologies that are representative of conditions that occur in mountain streams ( 
Pyranometers were typically held at 0. Note. VF = sky view factor; FSR = Forest Service Road; FW = flatwater; WW = white water. *Indicates that channel width was estimated from Google Earth. 
Streamflow
At reaches in which albedo measurements were made over aerated locations, discharge was measured to provide an index of the degree of aeration, following Richards and Moore (2011) . Channels where streamflow measurements were recorded tended to be narrow, relatively steep, irregular, and boulder filled with cascade-pool or step-pool morphologies and were appropriate for salt dilution gauging. Dry salt injection was used because flow was adequately turbulent to facilitate rapid solute dissolution and mixing. Salt was injected hourly or more frequently if stream discharge changed rapidly.
We followed procedures described in detail by Richardson, Moore, and Zimmerman (2017) . For stream reaches with adequate mixing, salt dilution gauging can be accurate to within ± 10% or better (Richardson et al., 2017) .
Digital camera imagery
Video imagery of the water surface was recorded during each albedo measurement using a waterproof GoPro HDHERO2 digital camera. The camera was mounted facing downwards on the pole mount and was run continuously for the duration of each measurement. Imagery was referred to while processing and verifying albedo data, as well as for the development of a proxy for pyranometer-measured albedo.
Site characteristics
Surveys were conducted in June and August 2016 to determine the view factor, average bankfull channel width, and channel gradient of each site. Average bankfull width was calculated as the average width of two transects of each stream and was obtained with horizontal rangefinder measurements from a LTI Impulse 200 laser rangefinder.
Gradient was determined by obtaining horizontal and vertical distance measurements with the rangefinder. The sky view factor was calculated from zenith angles measured at each site in eight directions with a handheld clinometer (N, NE, E, etc.):
where Z is the angle between the zenith and the horizon (defined by topography or forest canopy) in each direction, measured with a clinometer. Sky view factor measurements were taken to provide an index FIGURE 2 Map of the study area. Letters denote the locations of monitoring sites as shown in Figure 1 of how much diffuse radiation at each site was blocked by forest and surrounding terrain.
Data analysis 2.3.1 Pyranometer calibration
Using the manufacturer's calibration sensitivities for each pyranometer, irradiance values from the CM3 pyranometer were typically 91% to 95% of the values recorded by the CM6B when both were set up to record incident solar radiation, but there was no offset between pyranometers when both were covered and zeroed. This proportional offset was compensated for by calibrating the voltages reported by the CM3 pyranometer with those reported by the CM6B. At the conclusion of each trip to the field, pyranometers were run side by side for several hours. A linear model with no intercept was fitted between the CM3 raw voltage output and the CM6B irradiance. The recorded CM3 voltage was then multiplied by the regression model's slope to calculate the calibrated CM3 irradiance.
Albedo calculation
Following pyranometer calibration, albedo values were extracted from the pyranometer time series. A five-point moving window, corresponding to 25 s of measurement time, was used to calculate smoothed means and standard deviations of K↓, time of measurement, and albedo. Stable measurement intervals were isolated by removing periods between measurements, unstable measurements, and the leading and trailing edge of each measurement by removing points where the variation of K↓ within each window exceeded a set standard deviation and slope.
Albedo, measurement time, and K↓ were calculated as the mean of the values for each measurement period. Further manual processing was performed in order to determine whether measured albedo values were physically reasonable by comparing them to field notes and the digital camera imagery. Lighting conditions and an estimate of the amount of surface aeration for each albedo measurement (i.e., minimal aeration vs. highly aerated) were appended to the data set from field notes.
Solar position
Albedo should vary with solar zenith angle (which, for a horizontal water surface, is also the angle of incidence) and with the fractions of direct and diffuse solar radiation. For simplicity, the atmospheric transmissivity, , was used as an index of these fractions (i.e., higher transmissivity indicates a higher fraction of direct radiation). Solar zenith angle, , was calculated following Iqbal (1983):
where is solar declination, is latitude at the measurement location, and is the hour angle. The declination was calculated based on a seven-term Fourier expansion:
where is the day angle, 2 (d -1)/365, where d is the calendar day (d = 1 on January 1). Hour angle was calculated as
where L t is local area time, calculated as 
Transmissivity was calculated as
where K 0 is the solar constant, taken here to be 1,367 Wm −1 , and i is the solar incidence angle, approximated here by the solar zenith angle. To simplify interpretation, further analysis was performed using the solar elevation angle, h, which is the complement of solar zenith angle.
Digital camera imagery
Still frames were extracted from the digital camera video recorded between June and September at Rutherford Creek. One video frame was extracted per albedo measurement taken at each site. Each frame was converted into a three-dimensional array representing the image's red, green, and blue components, where the number of columns and rows in each matrix channel was equal to the image's height and width in pixels. The coefficient of variation (CV) of the pixels in each colour channel was calculated and averaged between all three colours as a measure of the total variability within the image. Non-linear regression was used to fit a model relating albedo to CV to assess its value as a proxy.
Statistical analysis and modelling
Albedo measurements were stratified into a "white water" set for measurements that took place over visibly aerated flow and a "flatwater" subset for the rest. A third subset included measurements taken over a hydraulic jump on Rutherford Creek to examine the relation between albedo and discharge. Discharge measurements were also made on Cayoosh Creek and North Creek, but neither stream had an adequate number of discharge measurements associated with albedo at a specific location on the stream to perform a robust statistical analysis. Because albedo measurements were not always taken at the same time as discharge and suspended sediment, Q and SSC values were assigned to each albedo measurement using cubic spline interpolation through the time series of those variables for each day following the approach of Forsythe, Malcolm, and Moler (1977) .
Albedo was plotted against solar elevation angle, transmissivity, SSC, and discharge to determine the forms of the relation. imposes a greater penalty for extra predictors (Symonds & Moussalli, 2011 ). Candidate models with ΔAIC c of less than 2 for each subset were evaluated further using leave-one-out cross validation. In the cross validation, models were fit by withholding all data from one stream at each iteration to provide a rigorous test of the model's predictive ability when applied to new sites.
RESULTS
Overview of the study period
The majority of the study period was characterized by air temperatures well above monthly averages as measured at Pemberton, BC. The mean monthly air temperature was 3. Note. Slope refers to the slope of the relation between albedo and the sine of the solar elevation angle, n is the number of points in each subset, and p is the significance level for the regression.
2015. May 2015 was particularly dry; 9.6% of monthly average precipitation occurred. In contrast, August and September 2015 were wet months, receiving 263% and 176% of average total monthly precipitation respectively.
Albedo and transmissivity
The relation between albedo and atmospheric transmissivity is dis- Measurements over white water exhibited more scatter than flatwater measurements. More scatter was inherent in the relation for direct lighting conditions compared to diffuse lighting conditions within both subsets, as evidenced by higher standard deviations. 
Albedo and suspended sediment concentration
Relation with discharge and aeration
Albedo exhibited a weak positive relation with discharge at the hydraulic jump on Rutherford Creek (Figure 8 ), although the slope of the regression was not significant (slope = 0.018, p = 0.13). The relation was stratified by solar elevation angle (h) and SSC to assess potential confounding effects. Both high and low SSC measurements were present across the range of measured flows. However, a majority of measurements taken during high flows (Q > 2.4 m 3 s −1 ) were taken at low solar elevation angles (h < 40 • ). The influence of atmospheric transmissivity was minimal, because only 2 of the 54 albedo measurements at the hydraulic jump were measured during diffuse lighting conditions. Table 5 summarizes results of the model fitting using the categorical SSC representation. For both flatwater and white water subsets, many models, including those with the lowest ΔAIC c values, did not have physically reasonable coefficients. Within the flatwater subset, the two models with the highest predictive ability had SSC terms with a negative coefficient for both models, which is not physically realistic. Of the flatwater models with physically reasonable coefficients, models FWa-3 and FWa-4 had the greatest predictive ability. Both explained 60% of the variance. Models WWa-1 and WWa-2 were the only candidate models within the white water subset that had physically reasonable coefficients. Model WWa-2 had the highest predictive ability, accounting for 43% of the variance in albedo.
Statistical modelling
The model fitting process was repeated using ln SSC ( Model R 2 and root mean square error based on cross validation are displayed in Table 7 . Within the flatwater subset, models using ln SSC had higher predictive ability than models that included categorical SSC. However, differences in predictive ability in the flatwater candidate models using the same SSC representation were small.
Cross-validated R 2 and root mean square error each differ by less than 0.001 between the two flatwater categorical SSC models. The difference was slightly larger for the flatwater ln SSC models; R 2 differed by 0.005. White water models had higher predictive ability using categorical SSC than with ln SSC. Residual distributions varied little between models built for the same subset of albedo and using the same SSC representation, so models were selected on the basis of predictive ability. Because models FWa-3 and FWa-4 were nearly identical in their predictive ability, FWa-3 was selected for its simplicity. Observed versus predicted values of albedo using the selected models are displayed in Figure 11 . Linear regressions fitted between albedo and CV for each subset were not significant. Plotted together, the albedo-CV relation appears consistent with a logistic curve, although with considerable scatter.
Analysis of digital camera images
Model residuals had a standard deviation of 0.041 and Nash-Sutcliffe efficiency of 0.28.
DISCUSSION
Effects of solar angle and transmissivity
Albedo exhibited large diurnal swings in magnitude during clear-sky conditions. Differences between maximum and minimum albedo values observed in direct lighting conditions averaged by reach were 0.12 for both flatwater and white water locations. The maximum flatwater albedo value measured on the Lillooet River at BC-99 was 0.25, measured at a solar elevation angle of 13.9
• . Measured values of albedo at given solar elevation angles were similar to those reported for ocean and lake surfaces. For example, Payne (1972) reported a diurnal pattern in albedo that was similar in magnitude to those in this study, including comparable values at low solar elevation angles.
The latitude and high relief of the study area restricted the range of angles from which direct solar radiation could be measured. Horizon angles throughout the study area averaged 25
• in the west and southwest directions and were consistently above 10 • , imposing a lower limit on the range of elevation angles. The highest elevation angle possible for the sites (at solar noon on the summer solstice) is 63.1 • , and the highest elevation angle during an albedo measurement was 62.8
• . As a result of these limits, some patterns of variability were not observed that may affect streams at lower latitudes or in lowland regions. For example, albedo values approaching unity have been observed on calm surfaces as the sun approaches 0 • at sunrise or sunset (Nunez et al., 1972) . Albedo should increase under diffuse light conditions at solar elevation angles above 70
• (Payne, 1972) , so the negative relation between transmissivity and albedo at high diffuse fractions at these angles was not observed.
The interaction between transmissivity and solar elevation angle matched the expected pattern of variability described by Katsaros et al. (1985) and Oke (1987) for flatwater conditions. Diffuse lighting conditions (low transmissivity) were associated with reduced surface albedo across the range of calculated solar elevation angles. The largest reduction of albedo during diffuse light conditions occurred at low elevation angles when the sun was near the horizon. However, diffuse lighting conditions appeared to have minimal influence on white water albedo at high elevation angles. The apparent lack of response may reflect the fact that aeration would create a broad range of incidence angles, even for direct solar radiation, in contrast to flatwater. However, the apparent lack of response could also result from suspended sediment bias. SSC measurements corresponding to white water albedo measurements taken at solar elevations greater than 45
• in direct light conditions averaged 22 mg/L, whereas SSC for white water albedo measurements taken at solar elevations greater than 45
• in diffuse light conditions averaged 81 mg/L.
Effects of discharge and aeration
At Rutherford Creek, albedo measurements were taken at the three locations described in Section 3. Reflectance increases in visible wavelengths as the thickness of foam increases (Whitlock et al., 1982) , suggesting that increasingly thick layers of foam should increase albedo after the entirety of the pyranometer's field of view is covered by white water. Despite white water covering almost all of the pyranometer's field of view during white water measurements at Rutherford Creek, the highest albedo value measured was 0.32, which is below the maximum value of 0.4 measured by Richards and Moore (2011) and 0.5 measured by Whitlock et al. (1982) , suggesting that albedo could continue to increase with aeration at higher discharges at the hydraulic jump on Rutherford Creek.
Highly aerated flow over cascades, where albedo values were likely to be higher than 0.32, were present at Rubble Creek; however, the most vigorously aerated portions of flow were inaccessible and thus were not sampled. One issue that is difficult to address is the location-specific relation between aeration and discharge. For instance, the rate at which flow becomes visibly aerated with increasing discharge may differ between riffles and hydraulic jumps downstream of rock steps. Additionally, stream surface albedo varies widely on a fine spatial scale in channels with complex morphologies. Therefore, it may be most effective to determine the relationship between albedo and aeration in terms of areal coverage of visible white water at higher flows. Bed depth and substrate could also be a source of unexplained variance (Legleiter et al., 2004) , although we would expect these to be less important with increasing aeration.
Effect of suspended sediment
Stream surface albedo varied with SSC (Table 4) . Albedo in streams with low suspended sediment concentrations (SSC < 50 mg/L) averaged 0.06, which is comparable with the values found in studies on low-gradient streams with low SSC (e.g., Evans et al., 1998; Leach & Moore, 2010) . Other studies have reported average daily albedo values as low as 0.03 (Benyahya, Caissie, Satish, & El-Jabi, 2012; Caissie et al., 2007) , which were lower than almost all clear-sky albedo values measured in this study. Only three measured albedo values in this study were less than 0.03; all three were measured under overcast conditions.
Measured albedo values for streams with higher SSC were simi- by backscatter that would decrease at higher concentrations of suspended sediment (Katsaros et al., 1985; Nunez et al., 1972) , because backscatter has been reported to be higher in clear water than highly turbid water (Jerlov, 1968 ).
An important consideration is the amount of mineral and organic material comprising suspended sediment. However, given that the streams in the study area are either glacier fed and/or flow through erodible volcanic material, we believe that organic material comprises, at most, a small fraction of the total SSC.
Predictive model performance
Predictive models fit for flatwater albedo had greater predictive ability than those for white water conditions. The weaker predictive ability of the white water models reflects the increased scatter in the relation brought on by aeration that was not accounted for by any terms in the model. Surface roughness at low solar elevation angles at aerated locations may have also contributed to scatter (Oke, 1987) , particularly at hydraulic jumps where albedo tended to be largest in magnitude. 
Model scaling from points to reaches
The models developed here address variability in albedo with respect 
Analysis of digital camera images
The relation between albedo and the coefficient of variation within the photographs generally follows a logistic function, which is consistent with the fact that there is an upper limit to the albedo of aerated water.
However, the substantial scatter limits the predictive utility of the rela-
tion. An alternative analysis was performed by calculating the percentage of white pixels in binary (black/white) versions of the imagery and relating it to albedo. However, the scatter did not improve in comparison with the albedo-CV approach, and implementing the technique was more complex, because a threshold had to be selected in order to convert images to a binary format.
Much of the noise in the relation between albedo and CV may be inherent to the changing appearance of the water surface from moment to moment. Flow crossing beneath the camera may not have the same appearance and CV from second to second, particularly over rock-or log-steps or cascades where localized water velocity is high. Further, solar elevation angle, atmospheric transmissivity, water depth, bed substrate, and SSC influence albedo independently from aeration, thus representing additional confounding influences and sources of scatter.
CONCLUSION
Due to its dependence on the incidence angle for direct solar radiation, albedo exhibited a strong diurnal cycle in clear weather conditions that is consistent with patterns of variability reported in ocean and lake studies (Nunez et al., 1972; Oke, 1987; Payne, 1972) . Albedo values measured in conditions dominated by direct radiation ranged from 0.04 to 0.25 in flatwater and 0.09 to 0.33 in white water. Albedo tended to decrease with increasing diffuse radiation, especially at low solar angles, consistent with optical theory (Katsaros et al., 1985; Oke, 1987) .
Albedo was enhanced at sites with visible white water: at Rutherford Creek, albedo averaged 0.09 over calm surfaces and 0.22 over aerated surfaces. The observed weak response of albedo to increasing discharge and aeration was potentially limited by the narrow range of flows that were sampled during the field season. Also, it is likely that albedo exhibits a stronger response to discharge when averaged over larger areas of the stream surface, as found by Richards and Moore (2011) . Predictive models were fit separately for flatwater and white water using regression analysis. For flatwater, use of ln SSC as a predictor yielded the highest predictive capability; predictive ability decreased slightly using a categorical representation of SSC. However, the model incorporating SSC as a categorical variable (low/high) offers the advantage of allowing the user to make predictions in the absence of suspended sediment data. For white water, the categorical SSC representation yielded superior predictive ability compared to the inclusion of ln SSC into the model.
The coefficient of variation within digital camera images was tested as a proxy for albedo in relation to aeration. The albedo-CV relation approximated a logistic curve, suggesting that the positive relation between albedo and CV flattens as images become more visibly white as light-coloured pixels saturate the image at high flows. Unfortunately, the magnitude of scatter in the relation is comparable to the range of measured albedo values, limiting the utility of the relation as a predictor.
The predictive models derived in this study should be evaluated over a broader range of solar elevation angles. In addition, the effects of suspended sediment characteristics, such as particle size and mineralogy, should be assessed. Further work should also focus on developing approaches to predict reach-averaged albedo and its relation with discharge for channels subject to aerated flow.
